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INTRODUCTION

The US Army Missile Command (MICOM) has developed an inhousd '

capability to design, optimize, and analyze the image from complex
optical systems. A lens design program which was written for the
National Aeronautics and Space Administration (NASA) was used as thebasic design program and modifications were performed on it to make

it compatible with the SC 4020 digital computer plotter routiies.

The end product of this program is a compilation of ray coordinates
and djiection dosines on thr final optical surface. These parameters
are punched out on data carob and used as an-input to a program which
was .developed inhouse to do a complete anal.ysis of the image. The
analysis includes:

1) Plots of the spot diagram and ray path projections on
two planes perpendicular to the image plane.

2) Plots of the modul-tion t-ransfer function of'- he system
dt ived from the spot diagram. ,

3) Plots of the image energy distribution derived by
ocanning an apertuve across the spot diagram.

Several -advantages are realized by performing .the design/raytrace
operation separately !.vm the image analysis operation instead of
incornorating the Image Analy-is Program into FOLDP as a subroutine to.
be run concurrently:

1) The rays from several runs can be put together to form
a composite spot diagram. This is especially helpful in the case of
multiple colors or segmented opticil elements. If a system is :ay-
traced for a segmented lers over a wide spectral region, then the
composite spot diagram must be defined by one run for each combination
of color and lens" segment. The outputs for all of t'ie cases can be
combined by the Iiage Analysis Program to fcrm a spc-t-diagram repre-
senting the total sv'tem performance.

2) The control paremeters required by t'ie Image Analysis
Program can be cl,osen to yield the most meaningfu] analvis of the
final spot diagram. Paramete--'s such as modulatior frequency limits
and aperture scan step size can bes:: be determine, by knowledge of the
spot diagram. This is available as the end produ :t of FOLDP and can
be uted to choose the input paramet(.rs for the Irage Analysis Program.

I) - The image plane way be moved to vs:ious positions relative
to the final optical r.lement without the necessi ty of a rerun of the
design/raytrace operation.

Prineding page blank
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First, the modifications made to the Fortran Optical Lens DesignProgram (FOLDP) are described, and. then the Image Analysis Program isdescribed. An example case run is included to demonstrate t. capa-bililty of the lens. design program ,and to show the additional informationthat is gained by processing the spot diagram through the Image Analysis
Program.

A complete Fortran listing of the Image Analysis Program isincluded as Appendix A. A brief outLine of the rzquired input cardsfor the Image Analysis Program is included as Appendix B to give theuser who is familiar with the program a quick reference when preparing
a case run.
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FORTRAN OPTICAL LENS DESIGN PROGRAM (FOLDP)

The FOLDP I routines were written for an IBM 7094 machine and have
been adapted to run on MICOM's CDC 6600. It was necessary to modify the
lens profile plot routines to make them compatible with the SC 4020
plotter which is available to be used in conjunction with the CDC 6600.
These-routines produce a scaled drawingof the optical system on the
SC 4020. An addition to the program was required to extract the ray-
trace data in the correct sequence of the execution to provide inputs
for the image analysis software. The modifications anI plot routines
will not be shown here because the ptogram is ext.nsive (7000 cards) and
the modifications would not be applicable to another computer or to the
same'computer with a different plotter. However, the output deck for
'this program is listed and discussed since almost any general raytrace
prograt. can be modified to yield an identical output, and this deck
serves as the input to the Image Analysis Progrant which can be adapted
in part or in its entirety to other machines and plotters with a minimum
effort.

A. Output Deck

The output deck consists of the following:

I) A card containing an integer quantity (N) equal to the
number of ray. on the final output surface. Format (110).

A series of N cards each containing the X,Y,Z coordinates

of tie rays:-onhe final surface and the direction cosines QX,QY,QZ of
the rays.- Format (6E13.7).

Some other data cards must be added to this deck before it com-
prises the cnmplete input for "he image analysis routines.

The coordinate reference y
system convention employed for

these programs is shown in
Figure 1. The Z-axis is the
optical axis.

X

Figure 1. Coordinate
reference system. 0 z

I FO.DP'- Fortrn O[tiea Len., Dsi!ro a~'maihblc from COSMIC. Barrow flall,

Un.iverity of Georgia. Athens. Gcorgia 30601 (4:4-542-3205) I October 968.
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A ray is depicted in -:igurc 2 as it appears in the Y,Z plane for
an arbitrary: final opticatl stirface.

V

KX Y, Z' OX. CY, 0z) '4

Figure 2. Ray on final surface.

B. Capability

The FOLDP measures the performance of an czrbitrary optical system
by a merit func'tion which is etssentially the sumi of the squares of a
set of weighted~aberrations. Designing is a least squares process for
iteratively teducing the .magnitude of the merit function by linearly
adjusting system parameters. FOLDP can handle systems containing up t-

to 100 surfaces (including aspherics), 7 object points, 6 colors, and
200 rays.

C. Example Case

A Coolke triplet lens sysceim was selected for the example case.
Figure 3 shows the system before the optimization is performed.
Figure 4 shows the SC 4020 representation 6f the system after the

design- iterations have been completed.

Figure 3. Cooke triplet before design (off-axis object).

8



Figure 4. Cooke triplet after design .(off-axis-object).

The output deck which is punched by FOLPD is listed in Table L. and the
spot diagrams which repreient the intersection of these ray3 with the
image plane are reproduced inFi~ures 5 and 6. These diagrams are
produced-on the line printer by FOLD. Figure 7 is simply a reoresenta-
tion of the ray pattern on the entrance pupil. The design was periformed.
for two object posltion simuaneogsly: one was on-axis; the bth,,r
was 1 ° o-ff-axis. This insure's good resolution, ,.v'er the intended field
i&f view of the ledis system. llie r'aytrade data were punched by FOLDP for
both ,cbject positions' sc the Image Analysis Program will analyze two
separate cases.

9N

<-=-

I.



1~711

-.1521a0eE.00-.136%aE01-.187b' 69Ebo0 .9979185E-62 iW9812A6E-rCl .954087E*60@

-.1513267E.UO-.1059287E.01-.I113314E.00 *993'353E-0Z .699S *E-1 .997500

.1507208CtfO0..7b36039t.00'S763626E- g1-.99jO,3E 0Z 4951E0 9871E03
-.15072SE0O-.7S36039E.00-.5763626E-01 .0993k03E-62 .4996S4iEI-01 .9981010E#010

.1 501416E.G0-.15014bE.0-.43768O1E-Q2---99651-29E-02 .99851Z9E,QZ 991-6E*
-.1501416E.00-.1501!.l6EiOO-.4376801E-02 .99$05129E-6I2 .9965129E-02 ,9"9003E-0

.15C1416E!-QO . 15@i416E.00-'436801E-0Z--,99 w 9,Z.9s19 .-2*90 ,0'
-61501416E&00 *1SQ1416E.-#0d-37b80lE-02 * 81SO-995Z~Q 9999003E,.0J
.d5Q3318E0) .45O9955E.00-.2i977OSE-r,1-.996$5#?E'42 .29565S01-01 .9995016E00

-. 1503318E*00 &4SQ9955.0b-.Z197705E-w*1 .99845si1LE-6-.29965S@E-01 .9995o10E.@@o
.1S07208E#Q0 .Th36O3QE.0a-.5763626E-01-.9943@03E-6Z-449965@1E- 01 .99870166*00

-.1SOTZCSE.0O *Th36039E406-.5763646E-0I 9903-2. 9D110 9809.S
.15 1 3 2 6 ,i*O 0 *1059281E.401-.112331 .-00993353E-62.i99541E.Q1 .9970-PiAW*0@0

-. 151-126?7.@0 0!98E0-1E3EO0*935E*,69570 702i
*ISZISOSE*00 .l3696a7E.01-.d476969E00-9979185E-@Z0-.89L246-g1 -995948?E*@B

- 1521808E*00 .1369S2?Ei-Q1,-rwl87?669tE.fO~3?1S 2-7926E .9tS908EO

-.45580466.00Q-. 12154?96.041-. 16620336.00 j299j552'86-41 i#l480?SE-O10 .9260

.4S359'*3EiOG-.V0?fl88E.00-.d*g12?E o0-.Z99Rl93E-061 -.59963ait-o) ..?50ZE.O
-. 453S94o3E*00i, 907186E.O0.0-812'7E.0@' .298>19341 99S638 4t;1-;99775026.@00

.452884'O0.6078~600-55Z6-0 -2'47&'4E-01 .397i6E-41 *9#9i7SIGE-@0

-44SI211iE00-.0807800Ob-.2660~4EI -*k-a99684-61 .14979516E-01 *9?093S I E 0 0

-. 45092376.000 * -. 1976#601 .29964366-1,464

4.512116V-00 *300G0?8E*.0O S26i604E-V1. *a9647E4 - 997916-,C I 991935116.0
-.45.W0B84'0 .3oz'a456.03-.5538lWE-01-.297344-o-997916E-O1 .991516.6
-.45-00884E*00 .60 Z7845E#Q0-*553&921E6-01*9461-. 39?E0 4.9987S196,0
-.4520943E00 .69b73SE*0G-.100691?6400-.1 1~1.936-3 970E0

-.53,9~. 9Q71aR6E6.06-. 1006127E.*Q 96-1.9636- .997?532f.00
f*S58Qr#6E-q0 .12i547S6o-1623 0-.9S5O -.19880756-O .9963t542E.!00

-,4.5S806E66.0 * 12154796.01-. 1662033E*90 .2958t1.9805-O 93S42Etf*
.75980996.00-.*1G63?34E*C1-.I" 1S797E*0-.4922S86-il .60B4i61E-41 .9963044#.08

-.?598099E.U0-.1063734E.01-.348579?6.0@O .499225S6-i1 .6989161E6-01 .99630*T6E,.O
.7566333E*00-.7566333E#p0-.1 123314E.00-.4996677E61 .4996671E-01 .997SOOZEM0

-.7566333E'0-.7566333E.00-.1123314E.00 .4' T-61? 1 .'i996i77E-41 .99750b26.00
*7S4S982E.09, .4527589E.00-. 75702986401-.4997OISE4I .Z99BZ0!R-01 .99830W6L.0@-

-.7545982E6.00-.4527559E.00.757029E-01 A 99~ 1- *ZA99ao9-01 .99634@6E.0
-~ - 7s~o.3I~o-.zo~zaE.~-.76326661-499S@1-b1.999306'3E-02 .9957010t.00

-.756039.0fl-.1507209E.O0-.5?63626E-U1 .49"SOE-01 .9993003E-02 .980160
.7536039E+00 o 150 720bE#00-.S7&Sit26tf-G?-.AM9S0 P-il-.94303E-02 *9967010E400

-*7536039E*00 * 1S0720SE*00-.S7603%26E-Q1 .4996501E-01-.9993003E-02 .99B78106.00
.754S942E*00 .4527569E.OO-. 75702986-91-.4997015-O-2998Z09E-01 .9983006E.0

-7545982E#00 .4527589E*0O-. 7370298E.-Ol .49970156-41-.2998Z096-0 1 .99830066.900-
--. Z566.333E.00 *?S66333E.Q00-.1123314.Q0-.4596S776-*1-.4996677641 *.9975U02EQO
-, 7566333E*00 *7566333E*00-.1123314E*00 -4996677E4 1-.4996677-01 .9975002E6'o0

*759309n-9640 1*67 0-1870.925,1.996E .9963046606
-. 75980699E0o .0fj3734E+01-.FI68579V7E*00 i4"2S5SE-61-.69b9l6lE-01 .996344400

* 1O654?E,1-.9I35S3ZE,0-.19441':3E.00-.6983792E-01 .598610$E-01 .99576676.00
-.3 O6S847E.01-.91.I563k6.0O-.19492S36.Q*0 .69837'92E61 .59861086-01 .99576076.00

062UU.J'~6o880.6.~-. 477966.6O-699320 4.995611E-01 *9967519E.00
-.106241E.iD16U68O4E&0O".L4729646.00 .6"92320E-91 .39956173691 .9967519E.00

* L5981E.l-302O8B.0-.19Z796.0'699952-~.1996558-01 .9973503E.00

-.1O59831E#0 l-.30280886.00g-. 1192749E.00 .6990SM61 .1& SE858-01 .9"73503E+00

.1059106E.01-.53752a6E-14-.1 1002236.00-.69954S61 .3SS0408E-IS .99?55026.00

10



TABLE 1. cCONTINUED

-.10591O6E.O1-.S3752s6E-14-.11OO223E.OO .6995456E-01 *3550408E-15 *99755oaE*0o

#1OS98i31E*Ol *3028088E.OO-,1192749E.OO-.6994952E-O1-.1998558E-O1 *9973503E.OO
-.1059831E,,Ol i3U29088E+OO-.1192749E*OO .6994952E-61-.199855E-01 .9973503E+OO
.1O62041E*O1 .606'88C04E.OO-.1472964E.OO-.6992320E-01-.39956IIE-Oi #9967519E*0O

:.024E0 i086Ef0.4294+0:6930t0::951EQ .9967519E+00

-.137163iE.O1-.4572104E.OO-.207OO71E.OO .8975266E-,OI i2991755E-oi $995!146E+00
-.136627Ei'1..5218OE.-.01E$%90 .897266E-01 ,.299755E-02 .9955146E+00

.1369627E0.lO1 OEO-1799+0.8826-)i998E0 .9959087E+00

-.1369627E+01 .1S218OeE+OO-.1876Yb9E+OO .898126ee-O1-9918SE-Oa- .9'lr,907E.OO

41371631E+01 .4572104EO-.207071E.O-.897?266!-01-.299175S-O01 9955146EOfi
-.1371b31E+01 .457Z1O4Z.OO-.207OO71E+OO .f9?S266E-O1-,299175E-)J .9955146E.OO

76
.129IE0-1736+1-112I40. 32E0 .1007445E+00 *9948621E.OO

-.152O931E.OO-.127135,6E.O1-.1616261E.OO .9903026E-62 .1007445E*,OO .9§48621E*OO
I 112666E.00-.9604565E+00-.926723E -Ol-.1*000,)332E-O1 .808026BE-OI i966799E*06

-. 1512066, 'OO -.96',585E.OQ-.9256723E-O01 4*0 2E-01 .136'6268t-Ol .99"1799E+00
,1506829L+06-.. "343 OEO-6.4338TIO-1-. 99923 f-6? 678204E-b'l .9991O1IOE;0O

-. 15068a9E.OO-.6b4343OE.OO-.49374E-O1 .996231ti,02 .60?8?Od4&0-1 '9j81~010
.15O3133E+OO-.351'4519E+QO-.141979L.-OI-.9 989713"-02, .407'319E'-Ol .9'991185E.OO

'..313E*O-3459EOO-149798E-01 09901713E462 .4077319E-O1 .9991,185E*.OO
*i1S1411E.OO0-.!474E-1-.2435256E-02-:9985179E-O2 *2O79R77E~-O1 .90973M+00O

-; i5O1'411IE.'OO-.50A47Q E-O1-.i243S2 56E-O2 *9985174E-J2 .a20i7VEO1 49997339E.OO
.1501590E+00 *249T703E.OO-.824J297E-O2-.998423Th-D02 48263!i8§E-O .9999(.98E.Oo
15il01590E0-.2A97703E,0o-.8i4a297E.,O2 .948423?-4.2 .8263589&.-03 *999949BE40J
.1503679E+00 .550427E+00-.3r6e ' '--.99 (319E- 62-.-191456E .3- .99i668E.00
-1503679E+00' Sb0,4273E+00-.5169l;9i-61 *9966319E-02.*1914565E-01 #999766$E+00
:150777EF.00 .85268867*OO-.7328Q9 ~.1.982E0-3912b48E-01 .9991844E+00
-1507777E+U0 *'"5,6880E.OO-.7328099E-01 *9988R 9E-62-.39l1b5.8E-01 A9991844E*00
*1514WbE#00 *1157890E*01-.1340681E+0-.9984653-2-.590~6734E-01 .99C204JEO00

-.1514O82E+Ou .1157890E#01-.134Ob81E+00 .9984653E-02-.5906734E-O1 .9982041E*00
.1i522941E+00 * 146T6b9E.O1-.a157906E+0O-.9962789E-2-.788199E-01 .9968389E+00

-.152?2941E+OP *1467659E.01-.2157906E.0O .9962189E-(i2-.7882199E-O1 *9968389E.('O
.4555799E+00-.1111147E+01-.14323 SOE+00-.29988?4E-41 .90774O1E-01 .99$4199E+00~
-.45S5799E+0-.111714?'E.O'-.143236OE0Oo 029988a'E-Oi *90774elE:01 :99 419E+00
.,434S A.999 E14O *7 85-0 *9976-395E+00
4 4§E90;V .4j4 d~ .2999840E.-1 .7179'OSE-01 0970395E-00
*4520O28E'OC-.5035966E.00-.4462b3fiE-O1-.2998S82E-01 .5078?56E-61 .9982594EO00
-.4520QZ5E.0O-. 035966E+00-.4462838E-01 .2998582E-01 oS078356E-01 .9982594E.00
.4189+0..1)0*0.349L0-290S,6 .3078E15Si.01 .4990766E+00

-.4511829E'OO-.eU4ib0E*00-.3749&.E-01 .2997095t-0I1 .307861SE-01 .9990766E+O00
.4509494E400 *9943478E-01-.2073429E--01-.2996305E-01 #108i0872E-01 .99~94926E00

-;45094'i4E*00 .9943478E-01-40O73429E-O1 j299630SE-61 .1080814Z-01 .9994926E+00
*45s2929E+00 .4i0l250E+00-.3542068E-v1- 2996372 -bi.-.9164072E-G2 .1995O9KE 00

'4*4512929E#00 *40012?5OEOO-.354P06SE-01 *299637afr-'bl-.9164072E-02 *990a1E(00
*432O5E+00O .1o8~EQ-.11'9540E.OO-299608E41-.29O9962E-01 *9983444E..00

-.452??95E'O .7018289E+00-.6809249E-01 *299676bE-0).-.2914i42E-01 q9991260E..00

-*4538045E+00 .IoU,5b18E.01-.1j940SiE*00 .2996,089E-01 -4909966E-01 *9983444E ,0O
.4561005E0oo .1313Sh0E.')1-.'19Ii707E+0O-.299l577E-01 -.6893921E-n1 .99717M+*~C

-*4541O05E#0O *1313580E*01-.1911?07E.00 Zi99C-7E-01-*6893921E-Oi *9971722E+oo
*7594?6lE*00--*96560b3E*JO-.1485931EL+0O-.4997l12E-01 *807§?28E-01 09954795E+,00

-.7S9466E*0O'.9b56053E.00-.148s5931E.00 *4997ua2E-01 .8076728E-01 #9954.795E+00'
.7564306E00-.6580774E.00-.9848870E-01-.4999!I8E-1 .6079517E-01 *9968976E~)0
-. 54gbvOl>07?s,,0.887E0 *4999118E-0i *6079517E-01 .9968976E+00
iT4034 -7 9 Eo-07 ,ZC!.9kC3-1 .4079317E01i .9979168E+00
-.754499JE.0C-.353920?E.O0-6784212.-O1 .499805SE-Olt *4079317E-01 .9979160E.00
,7s, 360O9E00-575~fjE-Oi-.55e697eE-01-.499(644E-61 .2Aoi3070E-ol .998534.3E+00

-.7Si6009E*OO-.5175816E-01-.5566978E-01 *4996644E-01 .208007C.E-01 .9985343E+00



TABLE 1. CONCLUDED
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.1O618l5E*01-.5088808E+00-0 13633?9t*. -699564.9E-61 .$078517E-01 .9962S65ECeO

-.106185E *701 J4'508 9E.OO-.13633ig'.. .6999E-621 4676 E-O1 *926E0
*1059154E 11o 3f $ .o10-.139O3E+00o ,6996l23E-01-.48993BE'1 *9,963062Of*o

.@1059i4E*O1-.3Z06O63E+OO-.1989Zll3E*.O-899567E-o! 1 079913t-Ol .997071+60
9105917E#01-.*98 ' .10969E.OO--695k73E-!Q1 '.IJSO34E-ol *997418E+0O

-* 10591E*O1 :92447EO~-1oX93.O-752E*0957f-, .180399L-0 .9979182E~oo
*1069818E*O1 *49497E+O-..192168382f.OO .89295?E-'*8S916 OE16LO .99156960E.o
.*1372035E*C1 40043 Vc6-.12174EO869960EO-11626E-0 *?996E;.oo
-.13720E*01 70~4a49E 9;-. 1b2 I*E+oO *8679oE!-b I-,49069E-o I 995?867e400

4-47~l.078E0-i''Z40~0.0 E

01660E+1ill05j,461 ,;i990 '0*-'97. 83E I l*4"8 3 SE- 01 99660E0
-C060E0 VIOX0i 134A0',97 2E;1" 5OE-1 9,6o~~

.1 ?~i6+01-36O~j94 b-il8Oii;2 66-847546;,!'1 b,7642F. o I'&Oy
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IMAGE ANALYSIS PROGRAM

The Image Analysis Program was developed to perform a complete
inage analysis for any optical system which can be raytraced by FOLDP.
Since the rays are defined on the final optical surface, the user is
free to specify iae location of the image plane relative to. this surface
.and examine the image at that piane. Th. image plane location may be
moved and the results examined, for the tew location without a new ray-
trace being performed.

A. Main Program

lhe'main program uses the deck punched by the FOLDP routines plus
two additional cards fisting the run title and the image plane location
relative to the final optical surface. The deck consists of the
following:

1) A ca'rd listing the run title in a field 60 characters
wide.

2) A card listing the axial distance of the image plane from
the vertex of the fina. optical surface (DELD). Format (FIO.0).

3) A card listing the-total number of rays on the final
optical surface (11). Format (116). (Punched by FOLDP).

4) N cards listing the X,Y,Z coordinates of eTch -ay and
the associated direction cosines QX,QY,QZ one ray per card. Format
(6E13.7). (Punched by FOLD).

The main program uses these 'inputs to compute the ray intersect
coordinates on the image plane. It then calculates the average X and
average Y ray coordinates (centroid) and transforms all rays relative
to that point. These values are then stored in CO1N10N along with the
centroid coordinates, the" direction cosines, the image plane location,
and the run title for use by the program subroutines.

B. Subroutine RAPLOT

i. Purpose

The purpose of subroutine RAPLOT is to plot the ray intersec-
tion pattern on the image plane, and also to plot the convergence of
the ray bundle as viewed along the two coordinate axes perpendicular
to the image plane. These plots, when studied together, give the
designer a good "feel" for how the image is formed and whether the
image plne is located at the best focus position.
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2. Iethodology

The RAPLOT subroutine uses the X,Y,Z ray ccordinates on the

image plane and the associated direction cosines zr onstrtct three
diagrams:,

1) The spot diagram Y
which represents the intersection"

of the rays with the image plane
(X,Y rlane) (Figure 8).

Figure 8. Spot diagram. . X

2) 'Projection of the Y
ray paths on the Y,Z plane as~~reviewed-along the X-axis1'

(Figure 4). Ths intersection~aon te -aishe INTERSECTION WITH
point is determined frow hMAGE PLANE
Y coordinate and the slope 

is I E

determined from the direction
cosines QY and QZ. R

Figure 9. Ray projection

on Y,Z plane. Z

3) Projection of the X
ray paths on the X,Z plant as
viewed along the Y-axis
(Figure 10). The intersection
point is determined from the
X coordinate and the slope is- RAY
determined from the directioni cosines QX and QZ.' "
coiesQ ndQ.INTERSECTION IAITH IMAGE PLANE

Figure 10. Ray projection
on X,Z plane. Z

3. Input and Output Descripticn

a. Input

adh The X,Y,Z ray coordinates relative to the pattern centroid
and the 4irection cosines of each ray are available to this subroutine

17



through the COMM4ON storage block. The
input required for this subroutine is
a card containing the values for
SCALE, DELTXY, NEW'HS, and NCHRS. 'Mhe
format is (2FI0.0, 2110). SCALE speci-

fies the plot scale such that the rays
are plotted on a field centered about 8(0,0)
the point (0,0) and defined .- . I SCALE
Figure 11. DELTXY specifies ..e plot £
tic increment. NEMPHS specifies the
tics which are to be labeled and 4
emphasized. Every NEiMPSit tic is TICS
emphasi,ed and labeled. NCHRS speci-

fies the number of characters
including the decimal to be written Figure 11. Definition of SCALE.
for each label.

b. Output

This subroutine provides a hard copy of the image plane
location, the ray pattern centroid, and the coordinates of each ray on
thie image plane. In addit.-on the three plots previously described are
drawn by the SC 4020 plotter.

C. Subroutine MTF

1. ose

The purpose of subroutine MTF is to compute the modulation
transfer function (IiF) of the optical system under consideration and
to plot this function.

2. Theory

The modulation transfer function provides a measure of the
performance of an optical system. Suppose that the object is a set
of light and dark bands, the distribution of brightness being
I + cos 2 ru'X. The o~tical system degrades the image so that the
contrast between the bright and darl bands is less. Suppose the image
distribution of brightness is F(X) = ao + a- cos 2rvX. The MTF(v) is
defined to be the ratio between the contrast of the image to the
contrast of Lhe object for an image with the spatial frequeacy u. In
this'case, the contrast of the image is al/ao, t&e contrast of the
object is 1, and the M.TF(u) = al/a o .

Smith2 has shown that the MTF can also be derived from the spread
function of P point object. Suppose that the image distribution of
brightness is V(X,Y). Define the line spread fu ction by A(X) = fF(xY).

k2 niith, Warren J., Modrn ,.tcal Enjwerhm, Ntcraw llill, 'New York. 1966, pp.3(X-325.
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Then the IITF is given by the expression:

NTF(U (1)s

where [ )

i ' : A(X) tcos (2rvX)dX ,

7 Ac(v) = : sXdX (2)

4 (X) sin (21.VX)dX

As(V) = x)dX (3) I
and if the line spread function A(X) is asymmetTical, a phase shift "7
in the pattern image is introduced,-described by:

- Ac ('0As ()
cos 4 = .AT') , or tan A = . (4)

3.: Methodology

SAssume that a spot diagram has been prepared from raytrace

data, such that the coordinates Xi,Yi of each ray intersection on the
image plane are known. The line spread function t(X) is represented

by the number of rays per interval N(X) (Figures 1.2 and 13).

-. AX *

'Ile'X (

**5

*; * .

Figure 12. Spot diagram divided into increments of AX

to count numnber of rays N. per AX interval.
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" . -. e--'-N(X) PLOT

J . . i-A2".

rAX

Pigure 13. Determining line spread function A(X).

Since A(X) is, in practice, never represented by a continuous function,
we must approximate the integrals in Eqs. (2) and (3) by the equivalent :

sums over the UX intervals.

YN(X) cos (2LwX)A .

N M AX

igNr1X) sin (2 n(X)AX

We may actor out iX to simplify Eqs. (5) and (6):

Ac(c nevr( cos (2ivx)
IN(X)

AN(X) sin (2Xr )Asc( ) = ZN(X) "(7)X
EN (X)

But 2N(X) equals the t:tal number of rays on the spot diagram, 1vTO.AL .
In the numerators of Eq. (7), the sums over intervals are equivalent tosums over rays. Thus, Eq. (7) becomes

NTOTAL

L cos (2nXt)
i=(

A?. (U) =NTOTAL(
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NTOTAL

comusin" (2ravXi)As (,?) - fl(9) :'

NTOTAL 
i

which are the equations that are programmed. Once these are coriputed
the MTF is found from Eq. (1), and the associated phase angle is
computed from the second of Erl. (4). This subroutine also includes
a feature which permits one to scan the spot pattern from two preselectedangles, 91 and 62, To achieve this, the rotation of axes is performed
from the initial coordinate axes as depicted in Figure 14. The coordi-

nate Xi is transformed according to the equation

, X i cos + Yi sin 8 (10)

and the computation of the %JTF proceeds as previously discussed, I

utilizing X! in Eqs. (8) and (9).

Y

Y.

X Figure 14. Rotation of axes.
% 3

%

4. Input and Oucput Description

a. Input

The cobrdinates (Xi,Yi) and NTOTAL have previously been
computed in the program and are stored in COMMON. The only input
required by the user is a card utIlizirg a (3110, 4F10.4) format on
which the following are punched:

1) An integer which specifies the plot tics which are

to be emphasized and labeled. (NLIIHS: 110 format).

2) The number of characters including tbe decimal to be
written for each tic label. (NCIHRS: I10 format).

21
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3) The nuner of frequencies- desired (NFREQ: I10 format).

4) The desired starting frequency (STFREQ: FIO.4 format).

- 5) . e-desired frequency increment (DFREQ: F10.4 format). '

-6) The first scan angle_(THETA(l): FIO.4 fbrmat).

7) The second scan angle (TRETA(2): FIO.4 format).

b. OutputI
Th,%is subroutine provides a hard copy output c -CFRZQ,

STFREQ, DFREQ, 8, NEMPHS, and NCHRS values at the top of the page;
followed by a columnar listing of the frequency value, the MTF associ-
ated with that frequency, and the phase angle.- There are NFREQ entries
per column, with frequency values running from STFREQ to STFREQ +

(NFREQ - 1) x DFREQ. Also provided is a plot of 7.4'F versus frequency
via the SC 4020 plotter.

D. Subroutine SCANS

1. Purpose

T..he purpose of subrouu.ne SCANS is to scan the spot diagram at
the image plane of the optical system under consideration, using either

$ a circular or rectangular scanning aperture. The limits of the scanning

cycle are set by the user. Knowing the number of rays contained within -:

the aperture at each step of a scan, one c.an form an idea of the
intensity distributic of tl-a image.

2. Thecry

it is frequently desirable to determine the density distribu-

tion of ray intercepts on the image plane of an. optical system. This

distribution is, of course, dependent on several factors: the shape and

size of the aperture used, the step size used for the scan, the li ;,its

chosen for the'scann.ing process, and the intrinsic distribution of rays

on the image plane.

3. MethodoloMy

Assume that a spot diagram of N rays has been prepared from

raytrace Jata, such that the coardinates Xi,Y i of each ray intersection
on the image plane are known. All points in the diagram have been

transformed to make the centroid the new origin of coordinate:; in the
main program. Thus, in the foli.owing, Xi,Y i will 'efer to the I- point
referenced to the centroid. However. the user has the option of speci-
tfyirig any origin coordnaites (X1T.YTR) he desires. Moreover, if he
wishes to rotate t..= sc'n cuzs ;::,rough a preselected angle 0 (counter-

clockwise), he hais this o-ption as well. For exanple, if the centroid
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is used for the scan center and the axes are totated through an angle
of 0 = 300, the equations would be:

XTR =--

YTR = 0

TI = Xi - XTR = Xi , i = 1, N

r T2 = Yi - YTR = Yj, i = 1, N

X= TI cos 300 + T2 sin 300, i = 1, N

Y! = T sin 300 + 12 cos 300, i = 1, N.

Note that the translation of axes is done first, followed by the rota-
tion of axes about the newcenter, We also see that when e = 0 that
X! = Xi and Y= Yi, as it must.

Suppose that wr have completed the desired translation/rotation
process and now have our spot diagram in a form ready for scanning.
We must now use some aperture to scan this diagram. The shape and the
dimensions of the aperture follmw this convenition (Figure 15).

V- -A

A2

SS2 **
Al A!

+A1

Figure 15. Rectanguiar aperture used for scanning along X- axis.

If the aperture Is rectangular, SSI is the horizontal (X) dimersion of
aperture and SS2 is the vertical (Y) dimension of aperture. For a
circular aperture, SS. and SS2 = 2R where R is the radius of the circle.
The number of steps NS in the scai is determined by the programmer and

23
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entered as data. The scan step size is dlefined by the equation
SS'- (A2 - Al)/(NS -1). We now proceed to scan as illustrated in
Figure 16.

V

1XCIV2)

Figure II). Scanning across
the X-axis.

XCMi is the position of he center of the scatrning aperture during
each scan step. Initi-.l ly, XC(l) = Al. The scan is performd from Al
to A2 in steps of SS far a total of NS pos.Ccic as. -For a given aperture
position, we count the number of rays lying o,- or within the scanningI
aperture. boundaries by utilizing a counter, YKrM, which will'increment-
by I each time the following conditions are ret by the Xj,Yj points:

- li -XC (-J)I ' S112 reztan tilar aperture

fYf~ SS2/2 )

[X - 12J) + [Y R2  circ-tar aperture

Mrat is now required is to find the cotinter with cie largest
num~ber of-rays and normalize the othc~ counteri to it. Viis procers
yields the relative intensity as a function of aparture position.

Mien the X-axis scan is comnpleted, a scan of the Y-axis is then
begun, from Y Al to Y A2 (Figure 17).

-3.1
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771 ,- -.- '- M, M, M

-A2

DIRECTION OF SCAN

-Al

Figure 17. Rectangular aperture us(.d
for scanning aloh'g Y-dxis.

Notm, that here the scanning rectangle maintains the same-oriehitation
with respect to the coordinate axAes as it had in the. X-axis scan. The
user may alter this orientation by inserting a ROTATE card :w'vhich will
make SS2 = SSI and SSl = SS2; that is, the scanning rectangle will be
'rotated through 900 (Figure 18).

V

-H -~CA DCANRECTIONjuu

SCANN DIRECTION

-~ Figure 18. Rotation of

rectangular apertur-e.
1 for Y-axis scan.
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The scan then proceed'st i the sal.'e manner Presented for the X -axis ---

scatining process, uflizing-the appropi~ate tais parameters in plAr,~-p
6f the X'akcis P i,6tejcs _previously mentioned.

4 f ne~tand Out~ut-Des6r,Ptioi

a. Intut

The coordinates (Xj,Vj) and N have been previously computed

- by teprogiam and .ard now 't!.,red i:MMN. The d::a cards to be*

are punched the values frNS l SR TXR j ,-n h

valbes for S§1. and SS2 ?ire 'entered. If the ,6entr#:id is the ddsir~d s6can
_-erti IT iisXR =,O;TL-Uthe,, anigle 0, in: degrees,, --inkouxgh -xhi~h -

t.....i~at akdes; are-to( 'be' oatd if -dpvirqd.'

2)Acard 'Utilizing 'a (2F3:0OM foa o which are pihched

the values' fk Al and A2.

3) A'aard- utilizing an (M6) format on which is puanched
ROTATE if. EheVY-xis scan is to usethe iectangular ape'rtre rotated
through 901. Othetwise, a-blank caird is inserted.

Q*4 A cdrd utilizing an (FI0.0, 2110). format on which are
punched the vdau _s -for DX, the X incarement tob'e dised for spacing tics
on the Jpletter chllaft akis, N~, which sp'ecifies.~.which tics are to be
emphasizpd and lAbel-ed, and MIM~S,' whicn p~eeiftes the number of
characters in the label.

b. Ou tpUt

This subroutin6 provides a -laid copy output of the

followiragt

inut1) An echo of the data on cards 1 throu.gh 3 described in

2)A colmna listing ofec C auth ubr fry

enclosedi by the apertr wit~h cen~terf a XC an th e nor mbreofvrays o
thsnumber (that is;..tie intensity). There are NS,-of these values. -

3) A columar listing of each YC value, the nuirber of rays
enclosed y che aperture with center at YC, And the intensity, There
dre NC of these values.
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4) The -values DX, Nand NCHRS specif ied' in cad,4;in ITput'
above. Also provided is a plot of inteinsity-verisus ?X and, YC v4xLiu P
via the SC 4020 plotter.

E. Example Case Input and Output

The Cooke triplet raytrace data -which were pune'hed out by roLDE
are used as part of the inpuft deck'for the 'Image' Aulysis, Prgem Tfie
complete input data deck for this case is listecII 1'rx Tabla 2, khe '6uitptlt
f1 rraiPthe line printer is listed in Tade '3,, and thO- gri~hs f ]Orm the,

,SC 4020 are listed in Figures 19 through-'28. -.- I

27.
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TABLE 2. INPUT DECK TO THE IMWAE' A14ALYS IS ?OR~
'FOR ThE EX41PLk CASE

.89,166E01.995908TE*00

*11Zi,*0*O98E0-1234#0.935E0 ..999301E-01t 2.9T501OE.O0

-. 70? 8E,0O 7536i03'4E0'0 -5,63626F-OI i ,994300E- 0? .4996SQ1E-0l ,998010E+00

.19314+0.595E09il7OE6'.48dEO i 0 Z9,96550E-01 .9995010E+00
I )503319E+'00-.4509955E+00-.219770SE-01 '~B51 ? 95~'-I.9§95010EO00

1~4'0- 50 14I6E.00-.4376hql-2-,4985129E 0? .994i5b?9E--OP .9999003E+00
151 ' 6 0 781-O 99851?9E oa2 .99851Z9E-02 .9999003E*00

4*jl0.4166.Q0 '.19141'6E~ 760E.a. .O-.~S2E0 9999003E.00
-. S11t0 I..5Ct85'1'5E+0O *.43S189lE0O2*9999003E*00
*1S0331REtOO .4Q9S.0.L70~0-9~51,Q ~~E0 9995010E+00

-. 15031l8C+06 .4S09955E+OO.219775F-A0,1: 9851 c-*969LO .999!5010E400
.1507208E*00 .7536039E O-57,6362§E-01 *499q-003F-' 02 49q6SO1Et-OJ' .9)80O4

-,05V? 09O0 .7536 39E.?j0..5763626F.-01U *990003tE-O2-.4960E0 ~0~0
*b3Z6VE0010 dO9iSTE*0 1-. 1L23314EO0-.9993353E-Q-. 6995347E.-0 1*997500ue+00-

*l53~7E0~ ~9 F~ 1,:1* 331409 *,:193353,E-!O2-.6995347E-01 .997'5002E.O6 0
* 1S-180FI.,00 .16~E0~866o7~5-?.9i6E0 995908~7E,,00

-1?~jE( 13G6767E*01- 106969.0 'P*56l6.9t36EU .9959087E.00
Ll453?EO .798807SE;-01 ..940542E.00

-~4~'E~.&-. 54.~ ]-.66~33 .00 *99S ?'E-01 .7988075E-01 _.99635'i2E+OO
~lu~6?Ft- c:0&12 O-.a 9 193E-01 .59963%R6E-OV *997-7502Ei'00
-.4~94t,-9CJ1840O.10812E4&: 193t-t01 .S9963A6E-'1 .9971502E40

.39971-26E-01 .998751OF40b
lb"6295*0 5391-O '4344E-01 .34971SE-O1 .9987510E.,i0

I:.,31l600G-3037&,+00-.28604-01-.96874E-01 .1997916,E-01 0993511 +00
. 2946874E~-01 .1997916E-Oi .99935L4E.o~

*-.1§?683OE-01-.2_996436E-(1, .99c?5SlOE*00
-.*5C09R37f~O0. - -d,97688OF-01 .9964 5E-olo, .99W31OE.#o

-.f4S14116E*00 .3D0O8E+O-.2861bO4E-O1 *29;874E-01-,.19979*L6E;-1 '99935.oo - -'
*45?'b464E+~0O .6027845S.0-,,.55389 1E-01-.2997844E-C1-.3997l26E-01 .998?54'~O0iO

- - 45?0 i4EO0 *602784SE*005-,S3;392lF-01 .?q97344E01!.3997-lp6E-0z .*1870E7*60
.4ci344i)-0 .c;71886E+OO-.1O827*- 2989E0-,968Eo .99775O2E0oo

-.45i:5943Fi*o0 .907186JF40-.1Q08Ia7E+Oo *?99 193E 01-.5996386E-01 .9971502E+00
.48,59046--!00 .1215479P->0 .1662033EtO0-. 995S~bE-01-.798J8075E-0I *99G3542E400

-.45SO6E.00 j1~j5479E*O1-.166ZME~Ji* .2495SZ8E-01-.798O7E-Oj *90'.:S542E*00
.7598049E+00-.1 1,3'34E+01-.t68579?F 00 .1*922stiE-01 *9.9i61E-01 iT934SEcO6b

-7' 3099F.D *106h3734.E.01-.1683S797..0O (4 'P0 699~E0 99630-46E+00
-,7.6 1F0 7'5334O6333F400-.13314;.'.0' 9667C0 .49,96677-2IO .9Th0b2aE.0

*7S9 O45759E0-,757098E0- 4703 E-i Z449 2eL-61 .99VQ06E+Oi)
.99101SE-Ol ,?999209E-01 .99 83 06E.00

~ q99303E3-02 947OlEob
*.r~603~'G-4 I'~~ .OO.5 6?6~ .494 650!E-61 .9993003-O?. A-98 01 E+'-0

-,71,i36P39:+00 .115O00+0-.S7t3626E_-dl .49965OlE-01-&9993of3E-O2 .9q1M70IoE#00
:&5I8e 45l599E+0-750298E-01-*4997019E-&99U2o9E-01 .8000OO
. ~ -0 -0-496E0 i991S0026i&f

-7 f$33Z.0 -156-M40-. I123314E-.00 *4996677E~O~957~0 90E0
69~,r~ 6 ir671123-1. 4E400.-.449661-)1-,49671l-01 .99730.E-C00

~ s986im~-01 .99S376O7E-50
10 "54 rrs a ~1 -9 I'5 -0 19'491~i0 .* 81Q'.E ;V61 01 6995160~e0
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TABLE. 2, CONTINUED

.1581*l.069E0-1979^0.945E0 .199855jE-01 .9973503E*00
-.1O55tEtO1-30?R88E0-1192749E-QC 4699495)2E-01. *199855E-'01 .9913503Eo0
.105910.E.1-.537h296Ei-14-..1100223E.00-.6995456E-01 &35 008E,15 -.997tS02'O0

-.105910601'..,5375286E-14-.1100223E.00 464954-6E,-01 .3550409E IS5 .0475502E#0
C1059R31E.01 .O08EO-19TE0-.699495e-01-199855k-61. .94f3503E~teQ

;-.iM30 3lEt01 .302'4696CW0-.1192749E.Ofk ,6694952E-61-.l'-99-85ED 01.*~356,3rt'oo
1062041t-01 .60"4*441794E0-6 a2Eb- 01i-I!O .996islsqkk06

T:106,1041E.01 .6Q69804E+00-.i4729ik4;&00 *.Q3OEO-390I~ 0 96519E00
.106S'147E*01 .913583200-.19491S3E.00-.698379ZE 01-- 5 986105E-l 01.,9 #607F.t0

-.10'65447E+01 .9135d32EO00..1949163t*&00 *698379PE-01-.514 1081E-; 0 .9607E+00
-.137163!E-*01-.45721bE*0.0O7E0 56i'0 .9!?S~E-d 01;9455146E60
* 13i71631E.01-.45 7a1o4E.0o0-.20,7007iE.OO .8 95266-01 *29917?SE- 019955146Et0

-:1369fi27E-01-.fSZ8!083Et0G-.I8?h66§Lr0 *~9l6Eb. 9979UkSE-o02 .0,99,081E+0
I 13696? -If) . l,521808~~- .86 E.0.9t6E0*998EO 9959087E0OPI: ~ ~-.13696??E.O 1510,0-.D96E0 094f2o6E..0'1 997ItF-42 .94590875400

-.i371631E+.01 .457O4EO-.2qTTh07lE4--60 -,95266E-01-.299175SE-01 -.9 5S1 46E*00

.003 .006

?1.0 5 .0015

OrF.;A k IS -0 , JECT fEXAMPLE CASE

.I5~931.00 I~7~356 1-16166I~-00-999O26 -O2-iO7445E2#0O. o,99)48621E4.00
-5?931.0~-.?7I56EOl-~116Z1~t00.9,9302WE-f2 l1fl07445F-4eo .49.4b6,2ltE.00

15166~.0-96O4S5.O-.257Z ,IP-0003?E-01, i808-0268a,-Ol .966199E4-f0 0

+-0-6 09t.00-65'430E';&00- *4 393874E 0 1-. 99962~3 E-02 .6O78204E-01-.9 9t3O0E

~ .Z092?7-0. 9991IS-SEo00

-. 10141E00~.541470i,,1-.2'4S256E-t02 .498517E- 02 .2079277E!-01 . -9339E0
M-0190.70 P4V7-r3E-00-.f84R';'7'E-02-.9842 37E-zO2 020Z1~SA9E-03 ;e9949 d46

0140E-0 .?47d3F',D~828Ba7E-C 2 .99$423?E-0?2 .8263589E-C3 .9999498E+00
N')3679c---0 .-S64Z73E,0O-.3169106E-O1-.998e&319E-02-.19I4565E-01 *9997668E400

-:i50367iE+00 :55042 00-.3ib9i06E-0L,.998631QE02.1914565E' 01i .9097668E*00

150717E*0 P5g6AROE+00G-.7328049E-01 *9988529E-02-.391254SE,-Ol *99984,4E'0G
-. 15,106?7E.00 ' -*~,t9~,1-,306E10,445E 2.963E 9982041E.0M
-15140VE&OO -ilIS?6;OE+'O1-.13406lA1E.,00 .9 84653E-fl2-.5906734E-OI *9q8ZO,41E#00 -
*152?941E*00 .l.4.'769h.01 -.215706'Z.00-d96789E-02-.7e81Q9t:-OI -9968389E*00
1.5?94Et6O *14V ;765§q.01-.;I,57406E+0 .996?89E-027*78R2199E-rO,1 *99,683B9E+00
.455S799400-.1117147.O1-.1432360E.00-49981.34E-fl .9C77401E1-01 .9954199 E#00

-.4599..0-,II1 VE,0-.13260E00.299'1824E-01 .9077401E-01 .9954199E.*00-
.45344556.O0-7.808,3599E.00-.84046S0E-'01-.-"999B40E-01 .707980SE-01 .9970395E*00

-.4534455, .00-.808i359'00-.84046SV- 01 .29998kOE-o1 707980SE-01 .9970395E*OO
.45,100Ei00-.50395,E,00-.446.838E01.9Bb-0 r)735EO ,9982594E+00
-. 50RE07 39tE0-4.23F0 .?~998582E-01 .5078356E-01 .9902594E#00
.4189+0,-Of16*0.349t-1.4796t0 6307861SE-01 .9990766E.00

S.?29Q7C9SC&-d1 .307861SE-01 .9990766E+001
.~ 4509444E-'60 .99434?8E-01'-1 2073429E.01-,. 996305E-01 .108O'47?E-01 .9994926E+DO

-,4S0444E,140 9543478E,41-.2073479E-01 .2990305E-01 lr,80872E-01 *99949RWOi0
. .42t*J (4001250E0-.354206BE-01-.2996372E-41-.9164072E-02 *9995O01E.00
-.45f?24Et00 .c4012P30E+iiO-.35"2068E-01 e-j9637?E-01-.9164072-7-02 .9nI9SD9OEAo0

.A52295EC3 ,.70l328E00-.689249E--.291.0l66E-01-29114E-O1 *9991260E*00
4x
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m Wxi, '2'

TABLE 2. CONCLUDED

-. 45UMSt*00 .7O1829RE40-.680f)249..01 *29967f £j-01 .291414?E..0: .9991'60E-.±00o4S38O4SE,),00 .1189~l.lsoE0-29G9-1.996E0 9983444E+00-*4518045E:,oo .I005814E+01-.1195405F.00 .2496089E-01-,490966E-0.1 *9983444'E+00.456100SE4 00 .I3i3590E+ol-.191170?F*00o.29577E-01..68939qIE-01 .9971722E+00-.4561005r*00 .11SO*1.910FC --?9915 7?E-Oi-.68939:lIE-01 *9971722E*00
.759481E00.966053E*00o.l4S31E,0.4997l2E.o .807672SE-01 .9954795E+40-. 7 5Q4S361E*0-.96;-'O53EF.0J.485931F.OO .1 99712E-01 .807672SE-0l 69954795E+00I.7636.0-68r4+0.867RO-4918-16079517Er-Ol 

.996897(,E+00-.7564306E+00-.6580774EOO...98487O..01 .499911SE-01 .60?95f7E-Gi .996e5976E*Oo.7S44 993F-+00-.A539207E+00...67412v1.4498oSE-01 .4079317E-01 .9979168E400
-.?S449931*0O0.353n27E.0...6784212F-01 .49990938E-01 .4079317E-01 .9979168E+00.7309+0.151E0-5698-l,964E0 

.2080070E..01 *.9985343E+00-. 560E0-5786-l.567Ea .!+996644E-01 .2080070E-01 .9985343E+00.7536957E+00 9? 4964 4E.03-.6153815 OI1-.'4995874E-01 .8189224E-03 .4987509EO00-. 7S3695?E*00 .2 4 9645S3E+00-.6153RISE-.01 .4N~5874E..0) .81892;!fE-03 .9987s09E*0067547396~E+00 . 5 5 1 4 9 0 3 E400-. 8 55057E01-.4995416E-0.1.!9157A3E-01 .9985678E*00-. 7S478Q5E.00 *551( 90E00-.8550572E-01 .499S l6-01...191S7A3E.01 .99835678E*00.7569361r,40 . 8 '5O2i 7 E40 -.1?$J 3 17E0U-.4993523E-01..391353E-0.1 *9979863E.00-.7i69.;63'.0.501E0..111F0 ,I9 3-01-.3911353X.01 .9979863E+00.760?4776+00 .1161654E01.oiO190 ssE+0.4986416E- 01-.5 975 0SE-1 990;3E0-:7W!?4776-00 .1161654E+O1-.190S56F+00 *4986416E-01-.397505E-01o .9970133E..00*lO6 5453r".01-..91S4352E,00..1 r?8278E.0-.6990430E-01 .707.3276E-61 .9950478E+00-.01g#lol95E10.7d7E0 .6990430E-01 .707'27SE-01 *9950'.28E*0001511F*l.080E0-1639*0.954E0 

.50781517E-01 .9962565E+~00-- OIIE0-5n8OEO).337E0 .64956b49E-01 .507651I7E-01 .9962565E.00
1 0 5 7 5 4 * 0 1 , 2 0 6 0 5 E * 0 -. 1 4 3 1 3 E 0 0 -, -i 9 9 6 7 S E 0 1 3 0 7 9 9 1 3 E 0 1 .9 9 7 0 7 4 1 E +0 0

-.1054171E+411 *9RR4A47E-01-.1109932E+00 .6445073E-01 .1014)261E-01 .9974918E+00.1015O040F+01 .4n0 94 3?E+ i-165240.929R-1.121E0 .9975099E+00-. 1ObO040E*01 .40o943RE+0o.. 26 i842E+00 .b9929 083E-01-.9162.5SE-02 .9975099E*00.1052~407E*01 .7O'.7499 E.o0..16C2140E*0 .5.987994E-01 '291064cr 01 *9971307E+0oo':,1062407=*01 :70474q9E+00-.1602140F+00 *6987994E-0i ,?910640E-01 :9971307E*00

-.1066400;7+01 .l01lO5 3E.01-.?11V>?03F#00 *69758Z3E-1..48953qlE-0.1 .996362eE*o0.1746*l,.603E0-1997F0-87954E-o1 .4075552E-01 .9951260E+00 
--.l3?1416E+41-.36063Eoo.0.198972Eoo..979546E-01l .4075592ZE-01 .9951260E+00.119i7,*1.40BE0-1569cO-t927E0 

.aoao:34SE-01 *9957406E.o0
.89B217SE-01 .208034BE-01 .9957406E+00.1369418k').24*?94l97Z.0o-.1916838E.00 '.'979152E-o1 .8503990E-03 .9959602E+00-.1369 111E*01 R494197F400-.9168338E'00 .13979152E-01 .8503990E-03 .9959602E+00

-,137?035.o1n .554?64?E-00-.?170540E0O S69IErO96o9E0 9576E0*.1372O39E4fl1 *5i4?6'4?1E*0.21?0540E.O0. tl9S96lOE-01-.1906269E-01 .9q57867E*009003 .0002? 43 19 50. .0 90.
21 -.0 1 0015 001'l;

.0003 b 4 I
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TABLE 3. LINE PRINTER OUTPUT FROM IMAGE ANALYSIS PROGRAM
FOR EXAMPLE CASE

oul-AltS )AjecT EX44PLE CASE

AVERKC 0.YAEA. .-

74-.? 39C-4t .5?zsszst-03 0.

.209856'4t 3 ..6291;,'2E .3

.Jc~lz35E-03 -. 0ba?35CT-03

.535C3?35(-33 r2(32)SE-&~3 0

.23901.4E-03 .-,2q714.E-03 .
-426973..CE-C3 0.

-~7635q0-I. -. %,W0426C-03 3.

. 2 6 3 Ci0M..Et 1 Z6OC t - - .5 : 2 3 3 2 6 E -3 3 0 .J

.,tS642Ea-03 .44419c-03 0.

.oS~~ZQ~c~ -. Z'.935SC.0! 3.
-.1466929C-63. - -. Z49456?E-03 0.

SIC466Z.'E03 *. 3s3?%0c9-c3 0.

b~0f?':9E-03 0. -- 0
.5.314SH.~-11 0. 1 E0ii;,L6316 .153/I03J -

33 I10?E3 3.
-. 41Z5.2E-03 .56QO-3

-. *933',3U-03 -. l1I76-t" 0
17145.. -. 5U ., A

-*662C2 . J-J .1.16479-3.. 3.

.0'017f3C ."S'.69zE-' 3 .

-. ??0J7S2?E-03- .14870441-4'. - .

.1?033tfI-c3 -1107CI. .

*d03'j7$1-03- -.JS4&743%(-44 0.
11)3161EC-04 *.1S1000E-C4 U.

*.193363C.0 -. OU1&4S17r C.
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TABLE 3. CONTINUED

.552'A30C-O3 *vq~s?C-e3
--. 161458SE-gS 0

-.50 1?96 1 E-03 Z561M4E-17 0.
_-&?ZE1 -.*ZJ2.63E-17 .

-.5570630Et9i -.51ASS52E-03 0

.14?902?C-OS 2bET4.3?C-C3 0

-1.~49327C-3. . 631-S C

V*I09OS.% '*SC£N3L

3.2653317-a

5521C.4,

. '1039F03 414 7-

is '~.1IN RE.C.~

32q.C .97



TABLE 3. CONTINUED

NFrECe I1I Sft-I Ife FatUJ. esc 0OtLI r2EC-s c5.Cldt TARGET oktEWhTZOl 40.0046

TIC F-r-As1S,-"(CL.CtS

A351 -,d

tfl.)fl .141'-.)2

310.50 *.11-.0:35

4 3 ...-' .03

NC. :.4u; ZSA 11, 241n(r.It ~ :lut. -2.2010

tOLSst.AtcZ :ar t~~!? ~ 5) ILI 1U1Sz. -2.1224 zns -uc c
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TABLE 3. CONTINUED.

VALuc No. cV qvs~

-.000eI).Jc

026 ~ sc:67

-0 C61411.

.00D6.407

-. 4--- .01

-. 2)76J1. 32.2 c

-. 3(0 20.30c.,

-. 40031.44

I7at ..74
-.000 Z621003
:.---44M3.1

-.349 44.1
03

.Cole 0 . 30C0

TICs; 23h 2 ?I V. .0102ru
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341



TABLE 3. CONTINUED

CF-lxIS GDJEO? (A10L CASE

t N G f P A U E O ?l 9i . 1o n8 rt

*WCAGE 9. AtECAG: .262%1,?IE.3j

-. 3A.?tWtE-ILMU __ 

-II

.17i2C356E1 3-3 0.

.ZICZ8L. -.!2!1663C-tS 8

________________-. -

vi-35

25.*29t-c -. 3 b - Z. ~ S



TABLE~ 3. CONTINUED

-. J'Jinlzt-e *dt'?l43 0: 
'.I???30s&~E Is -. ZlC54?-Z 3.

-. S?755.c3.~

-. 4IJ~u4.e .4&A?4ibtc& 4.

-. Zto?7S1f-o3 *.1Z114ZE-.3 0.

.1349493(-02 .. 04E~ .

VLSA SIZE fir, s;-tc ~ TIC FD*.0AS!ZF) TIC '-x4.CTc$;

H ~~~19 Itttly..G '0bfas C.4722 ~ ~ t rfet. ..02: TW CCU ~LT101 0.6023

TI P.AS:5. T.IC c~a'jiTes.

2S 53.;)3 .72*1C.4Z

464.496.44

73.33*C .?3*?C~*A

*c aos .468a

45).1)3..CI0

W.1 3641,

5s .49.$! 4go.;3 ..7002-I



TABLE 3. CONTINUED

hfraf2. 19 'TL'TZI 0 .4;3, OWiL FQQ 5. j) IzAGEr %RJ .TATI*4- 93.3232

TIC EP'.uSIS- tIc CAS;.clo S- ;

35 9.15?0
50.61 o .s01

Z31232.2222 .

!20.0140 .2031166 i

SUZc 345713o



5-- q-7 p 7-7 to71 4

TABLE 3. CONCLUDED'

A VALUE no. ef ca-$ ~ ik?

-4232 2

14 .7032

.156s .760t

23

IL sut". J IZ4

-. 011f2 .'IC.1

TI # -,.3. r2) lC408Azr~ ~ A*~i~

)138

cc$ 41



0.002-

0.001-

.9 X

0-j . ~

-0.001-

.-0.002- I

-0.003 L . ~ .

-0.003 -0a2 _.02 0.001 0.002 0.003

BLUR mE (E1 x , 3.000 x 100 Y '0000 io

IMAGE PLANJE Z2- 1.50M0 x 10+0

Figure 19. S,.ot: diagram for on-axis object.
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144 2:1;1111111 1. 44*

0'.0 03r, OY '4 -"v - ,f r'
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'4GE PLANE___ Z .oso 0
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0.002-

-0.001..4

-0.002-

-- 0.003& L,- . A-0.003 -0.002 0.~010O001 -p020.0m.

BLUR CENTER X- a 0.00000 x 100 'Y 0.00000 x 10
IMAGE PLANE Z - 1.5M00 x 101

Figure 21. XZ ray profile for~ Gn -a:.ds object.
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- A~tA 4X ~A ..-

~ -,~4.--'. -~ -~* ~,- ~ ,*-.?Jr~c -~ ,.,
4 ~

i-ctr ~ ~flc-tt'-

.4, ~
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3 ''"4
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C $A >-'A.'S
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-'C- ~ -,
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/
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'2 1- C'-'- - -
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t

02-

'4 
At,

1 5-

7

A '. - - - C-

-0003 -4.002 -0001 0
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Figure 23. AlVerture scans for on-ini& ob~ece. - - - -'
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Nr

NX

4743

0 0 03k I

0.. ,02 -0. 0 0.001 0.002 0.003

2t X-AXIS"

SBLUR CENTER X 0O.00000 x 00- 1  Y -2.6Z497? x 10-01

" Figure 24. Spot diagram for off-axis object.
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-0.00

-0001-

-0.02 00002.

0 0.001
BLUR CENTER X 0.00000 1 O- (n . 49 Z-AXis 0.002 0.003IMAGE PLANCE Z 1.500(0 100 y 647 00

Figure 25. Y,Z r~v profile for off-ayis object.
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0.003g

rI

0.001-

L i. I _ --.. - --min_

-0.002--

-0.003- .

-0."13 -0.002 -0.001 0 0.001 0.002 0.003
Z-AXIS

BLUR CENTER X -0.00000 x 100 YV 2.62497 x 10

IMAGE PLANE - Z -1.50000 x WO)

Figure 26. X,Z ray profile for off-axis object. ,P
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100

0.8-

OAA

0.2-

0 20 . 400 6e0 Soo 1000
FREQUENCY

Figure 27. Modulation tfransfer function for off-axis object.
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1.0-

0s -iZ NI

0.4--

0.2- ~,-

-0.003 -0.002 -0.0i 0 0.001 0.002 .OAuos

Figure 28. Aperture scans for off-axis object.
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V Appendix A

FORTtIAN LISTING OF AMAGE ANALYSIS PROGRAM

INPP,LA8rL'.z ,XAVG 9Y!A.VG*DE0~

C
C READ INPUT PARA1TERS

1STOP

ICONTINUE
10FORDIAT C6AIJ)

WRItE(6t107) (LA8ELtI) .1=1,6)
JU7 F0RHATW41,i6Al0)

i4RITE46, 1086OELO

10 OR-4AT11H %ZG'4INAGE PLAkE 01STANC~t5XE13,71

C**

C READ DECK PJNCHEO BY FOLOP
iEA3(S,103)lPR

103 FOR4~AT (116)

105 FOPJIATfaEI3.7)

C
C COMIPUTE COOIDIN4TES ON IIIAGr PLANE

ICA. Ztl)=G. _N
VF~PR=P
XAVG=O *
YAVGZ0.

C TRA#MSLATE ORIGIN TO MEti~R OF BLU4
00,201 [=1*4pp

M0 YAVG=YAVG+Y(I)
XSV3=X&VG/F14PR
YAVGrYAVG/F4PR
00 202 I=INPR

zo? Y I I Y (1) -YkVG
205 NRITE46,164)
109 FORNAT(LH J

WRITE I a, lioXAV~q AVG
ilg FORHATIM 9~HX AVER&GE,5XEt3.7*10X,9t1Y AVEPAGEt5XEI3*?) -

WRITE46,1091
00 203,X1,'4PR

20;, FORMIAT41H ,3(5XE1307))

CALL INITI.L
CALL RAPLor
CALL MTF
CALL SCANS
GO TO 1
E NO

49
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SUO IOUrINE RAPLJT

LNIPR,LA!3EL C1 -XAVG,YAVG,C'ELO

C REA)INDUT )ATA
RE A3 (5,131C A LEOELTXYNEMPS ,NCHRS

SO04 FORMiAT W4197543 PLOT SIZE TIC SPACING TIC EMPH

XLEF T=-S(ALE
RIGHt=SCALE -

C GRAW X-Y P..3Ti
CALL GRlEJCXLEFI ,XRIGI(TtXL E"fTXS~rtTOELTCYOELTXYNPISNEF3PHS,

CALL PRIN4Til6g.LABEL,?7,100i)

CALL P~tiNTV(-66Hx-AXIS,53Of I
CALL APRJ.,'.t;-,-6.6HY AXIS,09550)
CALL ;-LT(Pv*til14v~R
CAI.L PR.INTV(-37,,37i.'JR CENTER X =0 ~106920;
CALL -L48LVtXAVG,244#20q-6,1.l)
CALi_ L43LV(YAVG*/#44,0C-&,1~1)
CALL PRINTV(-17,lTHDIMAG - PLANE Z =tIcatO)

c CALL LAS(,V(OEL0,Z'.4v,-6 , 19)

C ORA.4 Y'-Z P0T

CAILL GRDXE7X!rTX:rXIHtOLX~)LXt--PIIEPS

CALL PRIV4!i6tLAGELt2it,,1O36)
CALL PR34-?H-AIf0Tz
CALL APRNTV(at,-6,6W6Y AXISOO,600)
CALL P.lIMT!(-37,37H8LUR CENTER X y 2,100,20)
CALL LA-3LV(3CAV&,Z44,ZL3,-6#IiDJ
CALL LA3LVCYAVGv,IO,ZO-6,43

.'CALL PRINTV(-1T91?HII4A:; PLANE Z =f±oafel
CALL LAal.V(0ELOZ44#5,~t1f,l)
00 200 I=1,NPR
IZI=NXV{JCLzT)
IZ2=NXVIXRLI;4T)
YL=Y(Ij+XL_2O*YU)/QZ(I)
l F(A9S(YLI.LE.ABS0XLEFTHlGO rO Zi1 -

YL=SILG4( XLFTtYL)

ZRNE-W=XRIG t-(SIGN(XqIGHT.YR)-Y(I) )/(YR-YIIJ)

YVwSIGNfXRSHT9YR)

IZZ=?JXV(ZRNEN)

!YZ=!4YV( YR)
ZO0 CALL L1?EVCIZ1,IV1,LZZ#!YZ)
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C ORAW X-Z P .)IT

LNS NPHSNEHP4SvmctiRSNCHRS)
CALL ,RINTM(OMLBEL9270,IO0J
CALL PRINTV!-(-!6HZ-AXIS,50OG)
CALL APRNTV(0it-i4,-k6HX AXIS,0,bOOJ
CALL PRlNTV(-X?.3?HBLUR CENTER X y '±0oo,2D)
CALL LAOLV(A06,2449209-6911)
pALL LABLV(AV6,9404,20,-6,11)
C~ALL PRI?41v(-±T,ITHZM~AGE PLAt4E Z UIL0OOI

CALL LA-'MV()LOZ'49O,-691oll 1
IZ2=X(XRI;HT)

IF(ASf)SXL).LEvAaS(XLEFT))GO TO 301
ZLNEWzXLEFrOSIGNXLEFTXL)XI))/flL-XdI))
rL=SIGNf(L-c-7T XL)
IZ=NXtzLarw)

IF IA 8S XR~tLE*AeSSIXLEFT) UGO TO 302

XR:SIGN(XRI;HT ,XR)

30CALL LfNEViIZIIXlIZ2*IX2J
RETURN
ENDl



SUBROUTINE VTF

C A S~RUI4 EINDT ,4UETEHOLTO.TRA4ISFrI FUNCTION OF ANI. ANGLE PHI ASSOCIATED WITH TIEr .TF.

CiIM40NRSIOXt{5Gi)Y(2&#dtrF45,FRQ45o)v,PHI(0),r(201btU~

0--m NSION f4ETA(2)
DATA NCVT'IAOPI/0.o1745s,5v.28sla5S3/

CI
r. REAt) IN PLOT CONTROLS- tO. OF FREQUEPNCIES9 STkZflING FREOsq
C 0ELTA -FREQ.,p AND TWO AXtS ROTAT IO4 Atir LES
C

PEAU%5#.10) NEMP$SNCI14R! ,NFIEQSTFREQ,0FlEOTHErA(1) ,THETA(21

110 FOR.4ATfsri1JtF10*4)

C SET UP PLOTTER
A1=STFR-EQ
A3=Ai. (FLOAT (NFREQ)+I(i0FlEQ

CALL PRN~6,AE9.'50 0-
GALL PRI4TVt-9,04FRzQUfNCY500,)
CALL APRNTi(O,-lA.,-1O, OHN4ODULATrONg,60G)

C
0O 225 L4=1#.2

C POE AXTE SO THqETACL4) AND COMPUJTE *-,PRI74E!K) ZO~ EAC"t X(eKh.

00 115 K=110"g

115 TXK=(l;STE~L)CtR+()SNTEALo*VR
00 130 J3=1,NFRED

REG2=6.0 t
00 0~5 JZ~ltfNu4

;ZEG1:R1,itSiTOP'FEQ(J3)9TXJZ))
REG2:RLG2+SINiTW0PIFEF-'1-J3) TX(JZ))

135 CONTINUE '-

AS=~EG2/ TNUl
ACxREG/TNU4~

C
C C0HPUTc X4TF FROA ASsACfANa 4U311

AsiHtF (J31 =SlT(AC*ACG.iS*AS)
P4I(J3J=ATA?4(AS/AC3
XP(JW) =Fqa(J3)
YptJ.) =ANNITtJ3)
FREQlJJ41)zFPE0(J3)#DFREQ

lIE CJU INUE

521



C10WRITEiot5j) NFRE :tSTFREQO--REQvTHETA(L40

10FORMAT(i13X0% NFRE~z #91596W~ STARTIt4; FREQ= ',F10.4,SX,
IDOA f:RE4= *,Fl0.4v6Xt T~iqGET ORIENTATION= *tFiO.4,h//
WRITCtibj) NEMP14SPNCHRS

IbG FORlATV~v3Xi* TIC EMHIAS1Sr 4,1598)k, TIC CHARACTERS" ,5//
WRITE16.1551

15ss FORIIAY(iox,' FREQdEI4CY *,10O(,' HTF ,10lX#4 PHASE ANSLE *9/f?
WRITi:46,153), (FRtQ(J4),ANMTF(J4h9PHI(J4) ,J4mlvNFRE2)-

158 FORMAT(8X2 F-i0.3,8Xt,LD.'q8XFIU,4)

2c PL~OT MTF VS. FREQ.

C IF(L~o.a#1) G3 TO 102

IFIL4*EQ*2) 6O TO ia3V102 GALL APLOTVCNFREQvXP(i~vYa(1hj.,1,1,63,IERRi)
so TO 104

£03 CALfLT(FEtPIgP19itP8IR2
104 NFR=NFR:EQ-1

00 101 II~itNFR
rX!=NXV(XPCII))

IYI:NYV(YP(tI))
IYZ=NYV(YPf1I+iJ)
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SUSROUIINE SCANS
C :cccccCGccCCCCCCCCCCaCccccccccCCCCCcCCCCCCCCCCC~ccCC' CCCCf. CCCCCCCOCCC

-C THIS SUBROUTINe IS DESIGNED TO SCAN ACROSS THE SPOT 0) ':-AM'ON THE I AGE r
C C PLA4E QF THE OPTICAL SYSTENUSING'EITHER A RECTANGULAk ' -3IRCj.AR PER, t;
c TURE.THE USER HAS- THE OPTION'S'OF CHOOSING THE CENTER OF SC;%4 CO4ROINATES C
C H IMSELFtOR USING THE DIAGRAM-CENTROIO AS SCAN, CENrER.IN AOL:TION~tE NP C
C C EXAHXNE THlE OIAGRkM ' 7ROH A SPECIFIED TILT ANGLE AND/OR A SIU TE RA4- C
C 4- SLAiION O0 THE COORDINATE 4XES.THE OUTPUTS ARE THE LOCATION O Hn! CENTERC
C 3 OF THE SCAN APERTURE,THE INU48ER OF SPOTS ENCOMPASSED BY THE APE7 JRE AT C
C o' THAT, POSITIONvANO THE NORMALIZED VALUE OF SPOTS/POSITION RELATIVt TO_,THE , ,
C ; 4AXINUM NUdBER OF SPOTS.SCA4S ARE PERFORMED IN TOO 4UTJALLY PERPENOIC- C
C C ULAR DIRECrIONS. C

CI
COMHON/RAYS/X(251)tY(201)tZt201),'QXtZO01),QY(201),QIZ(2011 9NUM,
iLABEL(6)
DIMENSION YC-(100),,NNUNCIIOGIANNUIC(100JVNORM(100)

DIMENSION ANUNC{100),ANORH(100),XC(iUO),NUNC(IOO)

OATA REVOLVI64ROTATE/
DATA CVTR/.'417'53291
ANUM:NUM

C
C REAO IN APPROPRIATE PARAMETERS AS iCOLLOOS--
C NS=NUM3EH' OF STEPS USED IN SCANNING PROCESS.
C SS?=VERTICAL DIMENSION OF RECTANGULAR APERTURE.
C SSL=NORIZONrAL OIMENSIO4 OF RECTANGULAR 00ETURti
C RzIF SPECIFIEDLET SSI=SS2=0*RADIUS OF GIRCU'.AR APERTURE.
C YTR:IF ^.ENTROIO NOT USED,GIVES Y-CbOiONATE OF SCAN CENTER.
C XTR=IF CENTROID NOT USE0,GIVES X-COORDINATE OF SCAN CENTER.
C TILT:ROTATE C^#OORDINATE AXES TO THIS ANGLE ANO~ 03MMENCE SCAN.
C KEY=TYPr-- CIRCLE -- IF CIRCULAR APERTURE USE9i,3THERWISE BLANK.
c AlzNEGAT!VE VALUE OF SCAN LIMIT*
C A2=POSITIVE VALUE OF SCAN LIMIT.
C ORIENT=IF--ROTATE--TYPE) ON SEPARATE CARIY.SSI=SSZ ANDb SS2=SSI FOR
C Y AXIS SCANNING.
1C OX=TIC SPACING TO BE USED ON PLOTTER
C O3NzLABE-L AND EMP'IASIZE EACH NTH TIC ON PLOfTER 3UTPUTo
C

REA045,T00) NSSS1,SS2,R#YTRXTRtILTKEY
ran FORHAT(I10,SFlIo.OA6)

4RITE(t1#79o) NSvSSl9SS2,R
796 FORMAT(lHlt* NO. OF STEPSm '.110 ,5Xt* APERTURE WIDTH=: *,FiD.4,

1X,' APERTURE HEIGHT= *,F~o.4,5X,' RACIUS *,FiG.4,///)
WRIrE(6,7t98) YTRXTRtILT,(EY

198 FORMAT(lHa,* Y'TRANSLATEst *,FlO.4,SX,' X TRANSLATEZ *,FlO.'4#5Xt* T
LILT ANGLE= A,Fl0sk,5X#9 APERTURE KEY: ,A69///)

11 REAO(StI10 AiA2
70L FOR4AT(2F100

WRITEtbo$a2) AlA2
802 FORPIAT(1NO,' LEFT SCAN= *,FIO.'.110Xt' RI;HT SCAN: ,FI../

REt.O(5,15) ORIENT
815 FORIAT(A6)I

IF'(ORIENT.EQ.REVOLV) WRITE30820
820 FO.RMAT(140,' SCAN RECTANGLE IS ROTATED THROUGH 90 DEG FOR Y SCAN
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f7,,

820 CTO
IF(TILT*NE.0s) GO TO 3
lF((YTRtEQ,O.).ANO,(XTR.EQ*..P GO TO 10

C
C PERPORI APPROPR~IATE COORDINATE TRANSFORMATIONS USING ROTATION AND/OR TRANS-
C LArION PARAMETE21S,
C

3 TILT2TILT~t;TR
511 I SIN( TILT)
C;ITzCOS( TILT)
00 15 j =, 4U t

T2=YCJ)-YTR
FX(J)=TlfCIf*.r2*SIT

15 Y(J):.TLVSITrtT20CIT
10 IF(KEY .or-. ICIR) SSI=SSZ=2.0*R CIIRTEST

C
C -IOPIZONTAL SCAN BEGJINS HERE.
C
C COM-0TE STEP SIZE FOR SCANNING,

ANSmNS-i
SS=( A2-Al) ANS

r CO.'NT NUM8eR OF RAYS WITHIN THE APERTURE AFTER EACH SCAN STEP.

RJ=J
XCC(JzA,(RJ-1.0)*SS
NUMC(J)=z3
00 118 019NUI
IFIKEY *EQ. ICIR) GO TO 112 CIRTEST
-XBL= XG(J) -SS1/2.0
XBRzXC(J).S12.0

3'Yi3O= -SS32e.
IF(X(K) .GE.xsL.AN0.i((K).LF.EflrRAN0.Y(K).3E.YEB0.AND.Y(K) .LEYRUI

L NUMC W I zNU4^ (J) +1
GO to 118 CIRTEST

1.12 0=S(19T ( cx K)-XCcJ))**Zi C W)? ##2) CIRTEST
IFIABS (0) oL2 4 .R) NUMC 1.)NUME,(W)+1 CHCTEST

118 CONTINUE
120 COt41INUE
C
C FINO tIAXIMUN VALUE OF NO. OF RAYS AND NORMAL'CZE EACd NJflB3ER TO THIS.

0O L30 J=ZNS
130 HVALx AAX0C'VALK UMC(J)

00 .145 J2:1,Ns
ANUI4C(J )=N4.iCfJ2) --

AIIVALNMVAL
140 4NORMIJ2)saNUtfC(J2J/A ;AL

WRIrE(69203)
200 FORHAT(C1 9 X, X VALUE *t1OXt# NO. OF RAYS *9i0X#* 1'4TENSItl *



C VER~TICAL- FCAN BEGIN4S 'HERE*

C- ROTATE SCANNINZJ RECTANGLE'TIIROUSH 90 DEG IFTHIS OPTION WAS CHOSEN.

IWtOqI*ENT.t~lREVOLV) GO TO 207
GO roczoa -

2g? SS2P=3S2
SS2.rSS1
SSI,:SS2?

C COUNT NbJMBiIzR OF RAYS WITHIN THE SCAN APERTURE AFTER EACH SCAN STEP.
C

4' .00 220 J=1,NS

Y4J) = Al RJ-1. a iSS
NNUKC(J)-a
10 218- KzIoWM,
,IF(CEY .EQ. ICIA) "GO TO 212
xsR: +,Ssi/2.0

*Y8UiYC(J)1+S32!2.Q
Y8Y 6 1 CJ S 2/ 2'.0

GO iO aIs CIRTEST
Z12 0~~T ( K)-YC(J))*#2+X (10V 4 2) ADIRTEST

-lFtA6S%(O) I-LE. R) NNLIMCCJ)--NNUMCIJ3+l (UIRTEST
218; 0HItU
220u COfiTIwJ

C

C F-tN4 4AXIMUPI VALUE OF NO* OF RAYS AND NORMALIZE EACHI NJIIBER TO iNIS.
C

00O 23C 'J:ZNS
230 M4Af.=MAXQ(hVflL9NNUMG(d)) -

00 246G J=1,NS
4NNLJNC(Jl =(4NC(J)
AtNVALxMVAL. -

2*t0 VNORt9(Jz AlNUMGUJ/AtVAL **

3aO FORHAT(IN1,3X0 Y VALUE *,10X** NO. OF RAIS #,IOX,* LNTENSITY '

WRITE(a,3C0) (YC(L),NNLIIC(LIVNORN(LhtL=1,b'S I

c PLOT RiSULrS
C

A30.

40O0 FOR4ATI1r4,2101 co
WRIE(6,804) DX#NNa4%S
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I -q .ril 4i.

lo - u4 '-FORMA l4lt' TIC StAClNG- *F1O4,4,6Xt TIC EPHASIE'Dw'',&8y

CALL
CALL PRlNT4J4bdiLA5ELi2?6#lO0G)
CALL PRIO~Vi-9,9HSbAN AXIS1 oo-io)
GALL AP.RNTVU-ril4-99INTEST~YOfgO3-

CALL APLOTi(N,t1),ANRli1t-.1t IER3)

JYl=NYV.(AN3J-HtJJ+))

410 CALL L11iEv(fX1.,[VijfXZ.IY2)
CALL APLOTVINS Yi1,N(I d38tR d

00 420 K('(1,JSPP
IXI=NXV(YC(C<Kl)

lX2=NYVIY~dl(K))

429 CALL LINEV"Iitlii1 1y?

RETUJ9N IIiZI

SUM~UflNlE ;kIOiXLEFT ,XRiGT,YOOWN,YP9igDY,~titsI.JN'C1MY)

C DRAW AND' L43EL GRID
CAlL FPANtEl/) (
CALL xsciL~tXLEFf*X~lGHT,58i43)
CALL YSALV(YGOWNvYUPv86v43)
CALL ILLh8,89C
CALL LINEVt88,960,980t980)
CALL L INV980'380,G98 6i881
CALL L 1.46 bi3,58980, 88)
ACL LINRY~ii, 6i88,9R ,XLEFTXRIG14TOXNuI ,NXt8)

CALL

CALL LjOV(.4t7.98YONYUPOYtlvOd4Ytig
Rt:TURN

SUBROUIINC INITIL

I NITIALIZE PLOTS
CALL CA;KRAM(9 1 9)
CALL FP.AtEV(O)
CALL )(AXIStv(Ol
CALL XA~(ISV(Gtla23l
C~ALL YAXIS4f(61O)
CALL YAXXSW(I023,01
CALIL PRINT1I(-2 1q1HPLGTS FOR H4YMAN CURRY* 360,490).
$lET:JRN

* END
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Appendix B

INPUT FOR IMAGE ANALYSIS PROGRAM

MAIN PROGRAM

Card Group Format Parameters

1 (I card) (6AO) LABEL

LABEL Title of Run

2 (1 card) (FI0.O) DELD

DELD = Signed axial separa-
tion between final optical
surface vertex and the
image plane

3 (1 ,rd) (I10) N
Punched by FOLDP

N = Tota! number of rays on
the final optical surface I

4 (N-cards) (6E13.7) X, Y, Z, QX, QY, QZ
Punched by FOLD? ,

Coordinates and direction
cosines of each ray, one ray
per card

SUBROUTINE RAPLOT "-
5 (lcard) (2FI0.O, 2110) SCALE, DELTXY, NEMPHS, NCHRS

SCALE = Plot scale (halfwidth)
DELTXY = Plot tic increment
NEMPHS = Tic emphasis

-- NCHRS Tic label characters
(including decimal)

SUBROUTINE MTF

6 (I card) (3110, 4FI0.4) NEPHS, NCHRS, NFREQ, STFREQ,
DFRrQ, THETA(1), THETA(2)

NE?4PHS Tics to emphasize
NCHRS = Tic label characters
NFREQ Number of discrete

frequencies
STFREQ = Starting frequency

Preceding page blank

- - -



Card Group Format Parameters

DFREQ Frequency increment
THETA(1) = First scan angle

(degrees): THE TA(2) =second scan apgle
" (degrees)

7 (1 card) (110, 6F10.0, A6) NS, SS1, SS2, R, YTR, XTR,
TILT, KEY

NS Number of scan steps or
Positions

SSl X aperture dimension
SS2 Y aperture dimension
R = Radius of aperture
YTR = Y translate coordinate
XTR = X translate coordinateTILT Axis rotation (degrees)
KEY = "CIRCLE" if circular

aperture
KEY = Blank if rectangular

aperture
8 (G card) (2F10.0) Al, A2

Al = X starting point
(smallest)

A2 = X ending point
(largest)

9 (1 card) (A6) ORIENT

ORIENT "ROTATE" to rotate
Y aperture

ORIENT Blank for no rota-
tion of Y aperture10 (1 card) (F10.0, 2110) DX, N, NCHRS

DX Tic increment
N =Nth tic to be emphas ized

and labeled
NCHRS Tic label characters
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